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Abstract
Tolerance to deacclimation is an important physiological feature in plants in the face of global warming, which is resulting 
in incidents of increases in winter temperatures. The aim of the work was to explore how disturbances in the signalling and 
synthesis of brassinosteroids (BR) influence the deacclimation tolerance of barley. One group of mutants and their reference 
cultivars (Bowman and Delisa) was cold-acclimated, deacclimated and then tested for frost tolerance at − 12 °C. After cold 
acclimation, the second group of plants was additionally exposed to frost (− 6 °C) and then, deacclimated and tested for frost 
tolerance at − 12 °C. The deacclimated brassinosteroid mutants were characterised by an increased tolerance to frost, and 
consequently, had a higher tolerance to deacclimation than their wild-type cultivars. The mechanism of this phenomenon may 
be partly explained by analysing the hormonal homeostasis in the crowns. For all of the tested plants, a characteristic feature 
of the response to the deacclimation phase was an increase in the growth-promoting hormones and abscisic acid compared 
to the cold acclimation phase. The increase was greater in the BR-deficient (BW084) and BR-insensitive (BW312) mutants 
compared to the Bowman reference cultivar. Mutant 522DK was characterised by a lower accumulation of total cytokinins 
and gibberellins as well as an enhanced auxin deactivation compared to the Delisa. In the second group, when the plants were 
exposed to a temperature of − 6 °C before deacclimation, the hormonal homeostasis was further altered in both the mutants 
and reference cultivars, but all of the mutants had a higher frost tolerance than the wild types.
Keywords Brassinosteroids · Cold acclimation · Deacclimation · Frost tolerance · Phytohormones
Introduction
Herbaceous plants such as barley, which originate from a 
temperate geographical zone, usually display a certain basal 
level of tolerance to frost that is increased after exposure 
to low temperatures during cold acclimation. During cold 
acclimation, the transcriptomes are reprogrammed along 
with a series of other biochemical, physiological and mor-
phological changes including growth inhibition, which 
enables plants to increase their tolerance to frost. Ongoing 
climate changes as well as the predicted increase in tempera-
ture in autumn and winter may be decisive for the process of 
acclimation to the cold (Stocker et al. 2013). The occurrence 
of periods of warming during winter increases the risk of 
the deacclimation of plants and may lead to a decrease in 
their tolerance to frost, which can significantly reduce the 
yield of crop plants. In contrast to Arabidopsis (Zuther et al. 
2015) and annual bluegrass (Hoffman et al. 2014), the rate 
of deacclimation in cereals is not dependent on the degree of 
freezing tolerance of cold-acclimated (Rapacz et al. 2017).
In response to warmer temperatures, cold-acclimated 
plants lose their freezing tolerance and resume growth and 
development. A transcriptional analysis in Arabidopsis 
showed the relevance of altered hormonal regulation dur-
ing deacclimation in response to warm temperatures. The 
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upregulation of the genes, which are connected to the regu-
lation of the metabolism of auxins, gibberellins and brassi-
nosteroids, is probably related to the resumption of growth 
(Pagter et al. 2017). Another factor that leads to deaccli-
mation is the induction of generative development at the 
level of the hormonal signals that is caused by an increase in 
temperature. On the other hand, in Arabidopsis, an adaptive 
strategy to prevent the rapid reversion of the cold acclima-
tion responses is the maintenance of the  H2O2 levels in the 
plastid antioxidant system during deacclimation (Juszczak 
et al. 2016).
Brassinosteroids (BR) are steroid hormones that regulate 
vegetative and reproductive development by promoting 
cell division and cell elongation (Clouse 2011). A higher 
content of brassinosteroids accompanied the frost tolerance 
of winter wheat cultivars, while plant supplementation 
with 24-epibrassinolide before cold acclimation reduced 
the number of frost injuries (Janeczko et  al. 2019). 
Brassinosteroids also stimulate the photoprotective 
mechanisms during prolonged exposure to cold via the 
temporary suppression of the quantum efficiency of PSII, 
which is a consequence of energy dissipation in the form 
of non-photochemical quenching. In Lolium perenne and 
Secale cereale, the regulation of photosynthetic activity 
induced by brassinosteroids depends on the temperature 
and the stage of cold acclimation (Pociecha et al. 2016a, 
b; Pociecha et al. 2017). Eremina et al. (2016) showed that 
Arabidopsis thaliana mutants with brassinosteroid signalling 
deficiencies were hypersensitive to freezing both before 
and after cold acclimation. Conversely, the activation of 
brassinosteroid signalling enhanced plant freezing tolerance. 
According to the same authors, in cold temperatures, 
brassinosteroids can have an impact on the expression 
levels of the C-REPEAT/DEHYDRATION-RESPONSIVE 
ELEMENT BINDING FACTOR (CBF). They provided 
evidence that the BR-controlled basic helix-loop-helix 
transcription factor CESTA (CES) can contribute to the 
constitutive expression of the CBF transcriptional regulators 
that control the cold-responsive COR (cold-regulated 
proteins) gene expression. In the cold, the fast and transient 
induction of the CBF transcription factors, which regulate 
the expression of many of the genes that are associated with 
a tolerance to low temperatures, is characteristic (Liu et al. 
1998).
The reserve carbohydrates that are discharged into 
the crowns can be used as the source of the energy and 
metabolites that are necessary for the defence response 
under frost. Our previous results, which were described in 
Pociecha et al. (2013), indicated the key role of the crowns 
for winter tolerance. Crowns are the non-green underground 
stem parts that contain the shoot apical meristem. Our 
subsequent studies (Pociecha and Dziurka 2015) showed 
that in cold-acclimated plants that had been treated with 
Trichoderma, the assimilates were targeted to the roots 
instead of the crowns, which negatively affected their winter 
tolerance. This proves the strategic role of the crowns in the 
response to winter stress and that is why the plant crowns 
will be the main object of the analyses in this work.
Growth regulators, which are called phytohormones, 
control the fundamental processes in plants such as 
growth and development and integrate the endogenous and 
environmental signals. Auxins and cytokinins regulate the 
cell cycle, gibberellins induce seed germination and stem 
elongation, while abscisic acid maintains seed dormancy. 
Antagonistic interactions between auxins and cytokinins 
in regulating root-shoot differentiation and between 
gibberellins and abscisic acid during germination are well 
known. The auxin and BR pathways converge and mutually 
regulate some developmental processes and promote 
cell expansion (Davies 2010). The role of hormones, 
which are essential components of the cell metabolism 
that is responsible for modulating the plant-environment 
interaction that enables plants to flexibly adapt to changing 
environmental conditions is particularly important. 
Therefore, the concentration of plant hormones is subject 
to change during both plant development and under the 
influence of environmental conditions including temperature 
changes. For example, an increase in the levels of certain 
cytokinins as a result of vernalisation (cold acclimation) 
in winter crops, e.g. oilseed rape, is associated with the 
induction of plant flowering (Tarkowska et al. 2012). In turn, 
an increase in the level of the abscisic acid stress hormone 
(abscisic acid) occurs in maize as a defensive response to 
cold stress (Janowiak et al. 2003). Further, jasmonic acid is 
an important regulator of the pathogen defence responses 
and other stress-related pathways (Ahmad et  al. 2016). 
Salicylic acid is also amongst the players that are engaged 
in the plant-environment interaction including the plant 
response to temperature stress (Khan et  al. 2015). It is 
worth emphasizing that the role of hormonal management 
has mainly been studied in relation to high temperature/cold/
frost stress/acclimation. Complex changes in the hormonal 
homeostasis during deacclimation processes, to the best of 
our knowledge, remain unexplained although Pagter et al. 
(2017) predicted the role of plant growth regulators in the 
process based on a genetic analysis. Describing hormonal 
alterations during the deacclimation phase in barley plants 
will then be a crucial part of our studies.
The main aim of the work was to explore how mutations 
in the HvDWARF, HvCPD and HvBRI1 genes, which 
affect the biosynthesis and signalling of brassinosteroids, 
influence the deacclimation tolerance of barley. We verified 
the hypothesis that brassinosteroid biosynthesis and 
signalling disturbances have an effect on the level of other 
phytohormones in a way that influences frost tolerance after 
deacclimation.
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Assuming that there are differences between plants with 
mutations in BR biosynthesis/signalling and their reference 
cultivars, the aim of the study was to determine the changes 
in the phytohormone levels that occur during deacclimation 
and to characterise the interplay between BR and other 
phytohormones which might be responsible for altering the 
frost tolerance of deacclimated barley.
Materials and Methods
Plant Material
The plant material for this study comprised the semi-dwarf 
barley Near-Isogenic Lines (NILs) with the reference cultivar 
Bowman and the semi-dwarf, BR-deficient mutant from the 
Delisa cultivar. These genotypes were obtained from the 
collection of the Plant Genetics of Functional Genomics 
Group, University of Silesia (Poland). The BW084 line 
(brh13.p), which has a missense mutation in the HvCPD 
gene, is defective in BR biosynthesis. The BW312 line 
(ert-ii.79), which has a missense mutation in the HvBRI1 
gene encoding the BR receptor, is a BR-insensitive barley 
mutant (Dockter et al. 2014). The reference for these NILs 
is the Bowman cultivar. The 522DK mutant, which was 
derived from the Delisa cultivar, has a missense mutation 
in the HvDWARF gene encoding the C6-oxidase, which is 
involved in BR biosynthesis, and consequently, is impaired 
in this process (Gruszka et al. 2011, 2016).
The BW084 and 522DK, which are BR-deficient mutants, 
are characterised by a lower level of BR compared to the 
reference cultivars, while the signalling mutant BR312 has 
an increased level of BR (Dockter et al. 2014; Sadura et al. 
2019). These differences are maintained in both plants that 
are cultured at 20 °C and in cold-acclimated plants (Sadura 
et al. 2019). The BR deficiency is stronger in BW084 than 
in 522DK and is connected with disturbances in the BR 
biosynthetic pathways in the earlier (BW084) and later 
(522DK) stages of BR biosynthesis, respectively (Sadura 
et al. 2019).
Experimental Design
After being sown in pots, the plants were placed in a 
growth chamber at a temperature of 20  °C/18  °C (day/
night) with a photoperiod of 10 h/14 h (day/night) and 
300 μmol m−2 s−1 PPFD light (photosynthetic photon flux 
density). After reaching the three-leaf phase, the plants were 
cold-acclimated at 5 °C/5 °C (day/night) with a photoperiod 
of 8 h/16 h (day/night) and 250 μmol m−2 s−1 PPFD for 
three weeks. After cold acclimation, half of the plants from 
each genotype were deacclimated at 12  °C/10 °C (day/
night) 8 h/16 h (day/night) and 250 μmol m−2 s−1 PPFD 
for ten days and at 18 °C/16 °C (day/night) 8 h/16 h (day/
night) and 250 μmol m−2 s−1 PPFD for three days. After cold 
acclimation, the other half of the plants were exposed to 
frost (− 6 °C) for four hours, which is a temperature that did 
not cause any visible injuries, and then, were deacclimated 
as above. The temperature − 6 °C was selected based on our 
experience and earlier experiment (Sadura et al. 2019). After 
deacclimation, a freezing test at − 12 °C was performed for 
the plants from both groups. The experiment was performed 
in two independent replications. The samples for the analysis 
were taken from the crowns – the non-green underground 
stem parts that contain the shoot apical meristem – before 
acclimation, after cold acclimation and after deacclimation.
Freezing Tolerance
The freezing tolerance of the plants after deacclimation was 
estimated using the modified method of Larsen (1978). The 
plants in the pots were transferred to a growth chamber at 
2/2 °C (day/night) in the dark and, after 2 h, the temperature 
was successively reduced at a cooling rate of 4ºC  h−1. After 
reaching the test temperature (− 12 °C), the plants were kept 
there for four hours and then the temperature was increased 
to 2/2 °C (day/night) for two hours. Next, the pots with the 
plants were transferred to a + 12 °C/10 °C (day/night) with 
a 10 h photoperiod and 200 µmol m−2 s−1 PPFD. The leaves 
above the crown were cut off from all of the plants on the 
day they were transferred to 12 °C. After two weeks, the 
regrowth was estimated using the visual 9-point scoring 
system (where 0—dead plants and 9—uninjured well-
growing plants) as described in Pociecha et al. (2016a, b). 
Plant regrowth reflected the post-deacclimation freezing 
tolerance and was estimated based on 30 plants from each 
genotype per each treatment.
Content of Phytohormones
The phytohormones were extracted and purified as described 
by Dziurka et al. (2016). The phytohormones were analysed 
in three independent replications on a Agilent Infinity 1260 
UHPLC apparatus (Agilent, Waldbronn, Germany), attached 
to a triple quadruple mass spectrometer (6410 Triple Quad 
LC/MS, Agilent, Santa Clara, CA, USA) and equipped with 
electrospray ionisation (ESI) as described in Sadura et al. 
(2019). The following phytohormones were detected auxins: 
indole-3-acetic acid (IAA), oxindole-3-acetic acid (oxIAA), 
indole-3-butyric acid (IBA), indole-3-acetic acid methyl 
ester (IAAmet); cytokinins: trans-zeatin (t-Z), trans-zeatin 
riboside (t-ZR), dihydrozeatin (DH Z), cis-zeatin (c-Z), 
cis-zeatin riboside (c-ZR), kinetin, N6-isopentenyladenine 
(IPA); gibberellins: gibberellin  A1  (GA1), gibberellic 
acid  (GA3), gibberellin  A4  (GA4), gibberellin  A5  (GA5), 
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gibberellins  A6  (GA6); abscisic acid (ABA), jasmonic acid 
(JA) and salicylic acid (SA).
Statistical Analysis of the Results
The data were analysed using a one-way analysis of variance 
(ANOVA). The graphs were plotted using the means ± SD. A 
post hoc comparison was conducted using Duncan’s multiple 
range test (p ≤ 0.05). All of the calculations were carried 
out using the STATISTICA 10.0 software package (StatSoft, 
Inc., Tulsa, OK USA).
Results and Discussion
Frost Tolerance After Deacclimation
Previous studies that have been conducted on the barley 
mutants BW312 and BW084 showed that mutations in 
the HvBRI1 and HvCPD genes significantly reduced frost 
tolerance (test at − 8 °C), which was assessed after cold 
acclimation, compared to the reference cultivar Bowman 
(Sadura et  al. 2019). In addition, the brassinosteroid-
deficient (BW084) mutant was characterised by less capacity 
to survive temperatures below 0 °C after cold acclimation 
than the brassinosteroid-insensitive mutant (BW312). 
In turn, a mutation in the HvDWARF gene, which is also 
responsible for a brassinosteroid deficiency, did not affect 
the survival of mutant plants (522DK) at − 8 °C compared 
to the Delisa reference cultivar (Sadura et al. 2019).
The results of the presented studies indicate that the 
barley plants that are cold-acclimated and then subjected 
to deacclimation were interestingly characterised by an 
increased capacity to survive temperatures below 0  °C 
(Fig. 1, treatment DA). Moreover, the analysed NILs, espe-
cially the mutant with the BR-signalling deficiency (BW312) 
survived a temperature of − 12 °C uninjured, while the refer-
ence Bowman plants that underwent the same treatment had 
the lowest tolerance. Mutation at the late stage of BR syn-
thesis (in 522DK) resulted in similar level of regrowth, after 
freezing test of deacclimated plants, as comparing to Delisa. 
According to our earlier work, when cold-acclimated plants 
were subjected to freezing at − 6 °C, both the BR biosyn-
thesis and signalling mutants (BW084 and BW312, respec-
tively) had a similar frost tolerance to the Bowman cultivar 
(Sadura et al. 2019). In the current work, when plants were 
pre-treated by mild frost (− 6 °C), and then deacclimated, 
all of the tested mutants unambiguously had a higher toler-
ance to frost (− 12 °C) than their reference cultivars (Fig. 1, 
treatment FR).
Mutation of the HvDWARF gene at the late stage of BR 
biosynthesis seems to favour survival when deacclimation 
is preceded by mild frost. In turn, mutation of the HvBRI1 
and HvCPD genes at the early stage of brassinosteroid 
biosynthesis increased survival to a greater extent in plants 
not exposed to mild frost before deacclimation.
General Trends in the Phytohormone Changes
The phytohormone levels, which were analysed in the 
crowns showed that after cold acclimation, there was 
Fig. 1  Frost tolerance based on the regrowth scale of the barley 
cv. Bowman, BW084 and the BW312 mutant, the cv. Delisa, the 
522DK mutant of cold-acclimated and then the deacclimated (DA) 
and cold-acclimated plants, which had been additionally exposed to 
frost (− 6 °C) and then the deacclimated (FR). Significant differences 
between the reference cultivar Bowman and its mutants according to 
Duncan’s test, (P ≤ 0.05); between the reference cultivar Delisa and 
the 522DK according to the Student’s t test within the treatments are 
indicated by asterisks (n = 30)
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generally a decrease in the level of cytokinins, auxins and 
gibberellins compared to the non-acclimated plants (Fig. 2). 
However, after deacclimation, in some cases, the content of 
all of these groups of hormones increased to a level that was 
even higher than that prior to the acclimation. Exposure to 
low temperatures causes the suppression of growth, which 
is associated with a decrease in gibberellins, cytokinins and 
auxins and the speed of the response is negatively correlated 
with the frost tolerance (Vankova et al. 2014; Kosova et al. 
2012). All of the non-acclimated mutants were character-
ised by a significant decrease in the total content of auxins 
and gibberellins in the crowns (Fig. 2, treatment NA). In 
Fig. 2  The total content of cyto-
kinins, gibberellins and auxins 
in the crowns of the barley 
cv. Bowman, the BW084 and 
BW312 mutant, the cv. Delisa, 
the 522DK mutant of non-accli-
mated (NA), cold-acclimated 
(CA), deacclimated plants (DA) 
and cold-acclimated plants, 
which had been additionally 
exposed to frost (− 6 °C) and 
then the deacclimated (FR). 
Significant differences between 
the cv. Bowman and its mutants 
according to the Duncan’s test, 
(P ≤ 0.05); between the cv. 
Delisa and the 522DK accord-
ing to the Student’s t test are 
indicated by asterisks (n = 3)
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all of the analysed mutants, not only was there a decrease 
in the content of the active forms of auxin, but also in that 
of the form that is considered to be inactive in growth pro-
motion, which is a product of the oxidation of IAA during 
its decomposition, OxIAA (Reinecke and Bandurski 1983) 
(Fig. 2, see also Fig. 5). After cold acclimation, there was 
a relatively high level of all of the groups of hormones, not 
only auxins and gibberellins but also cytokinins, only in the 
crowns of the Delisa cultivar. In the remaining plants, there 
was a visible decrease in the level of the growth-promoting 
phytohormones after cold acclimation. After deacclimation, 
differences were observed in the direction of the changes 
in phytohormone accumulation both between all of the 
cold-acclimated and all of the deacclimated plants and also 
between the deacclimated mutants and their reference culti-
vars (Fig. 2a–c, treatment CA and DA). Generally, the level 
of total cytokinins and gibberellins increased in all of the 
deacclimated genotypes compared to those that were cold-
acclimated. An exception was a decrease in gibberellins in 
the Delisa. Compared to the Bowman, the level of cytokinins 
and gibberellins rose in BW084 and BW312, while a muta-
tion in the HvDWARF gene (mutant 522DK vs Delisa) led 
to a decrease in the levels of these hormones (Fig. 2a and 
b). In all of the tested mutants, the level of total auxins after 
deacclimation was lower compared to their reference culti-
vars (Fig. 2c). Summarising, mutation at an early stage of 
BR synthesis (in BW084) and mutation in brassinosteroid 
signalling (in BW312) are accompanied by an increase in the 
phytohormones (cytokinins and gibberellins) during deac-
climation while mutation at the late stage of BR synthesis (in 
522DK) results in a decrease in level of these growth-pro-
moting phytohormones. Simultaneously, all of the mutations 
were accompanied by fewer total auxins in the deacclimated 
mutant plants, although there were visible differences in the 
level of specific auxins. The short-term exposure of plants to 
mild frost prior to deacclimation, significantly increased the 
cytokinins concentration in the BW084 and BW312 mutants 
compared to the Bowman (Fig. 2a, treatment FR). This effect 
was mainly caused by trans-zeatin riboside (t-ZR), which 
constituted nearly two-thirds of the general pool of the 
detected cytokinins (Fig. 2a, see also Fig. 3). In turn, muta-
tion at a late stage of BR synthesis was accompanied by a 
decrease in the content of the pool of cytokinins in 522DK 
compared to the Delisa cultivar. Interestingly, although in 
both group of mutants, the effect was similar, it was more 
pronounced than in the plants that had been deacclimated 
without prior frost treatment (Fig. 2, treatment DA and FR). 
As for the auxins, in contrast to the mutants, the reference 
cultivars Bowman, and especially the Delisa, displayed an 
extremely high level of the inactive form of auxin oxIAA 
(Fig. 2c). These genotypes also had a higher level of total 
gibberellins (Fig. 2b). Here we can only propose a theory 
that the higher level of brassinosteroids in the reference 
cultivars might have contributed to the decomposition of 
the active forms, IAA, in the crowns, but in this case, only 
in the deacclimated plants that had been exposed to mild 
frost earlier (treatment FR). A similar phenomenon has also 
been observed in barley leaves during acclimation to cold 
(Sadura et al. 2019). Interestingly, the opposite effect was 
observed for the deacclimated plants (Fig. 5, DA treatment) 
in which both the BR-deficient mutants had an increased 
level of oxIAA compared to the respective wild types. The 
role and distribution (crowns/leaves) of oxIAA and its inter-
play with BR in the processes of acclimation/deacclimation 
will require more detailed studies. 
Growth suppression at cold temperatures appears to be 
a necessary condition for the reallocation of the sources 
of energy for the synthesis of protective compounds. This 
regulation occurs at both the level of synthesis and the 
transduction of the signal associated by stimulating cell 
division and growth. According to Miki et al. (2019), the 
abiotic stress-responsive proteins and the protein kinases/
phosphatases, which decrease during cold acclimation 
generally show the opposite behaviour during deacclimation. 
Moreover, studies by Pagter et al. (2017) showed that the 
genes that are involved in the hormone metabolism were the 
only functional group that was overrepresented amongst the 
upregulated genes at different time points, which indicates 
the relevance of hormonal regulation during deacclimation. 
According to the same authors, the upregulation of the genes, 
which are connected to the regulation of the metabolism of 
auxins, gibberellins and brassinosteroids, is probably related 
to the resumption of growth in response to deacclimation, 
while amongst the genes that are downregulated in cold 
temperatures, there was an overrepresentation of the 
auxin-induced and BR-responsive genes. This indicates 
the significant role of brassinosteroids as one of factors 
that is important during both the acclimation to cold as 
well as during deacclimation. Interestingly, however, a 
higher content of endogenous BR seems to be preferable 
for a higher frost tolerance after cold acclimation as was 
also shown in our earlier studies on a few cultivars of 
winter wheat (Janeczko et al. 2019). BR-insensitivity or a 
significant deficit of BR, which is the result of disturbances 
in BR biosynthesis during the early stages of the BR 
biosynthetic pathways, appeared to be beneficial for a better 
frost tolerance after deacclimation. When the BR level was 
relatively slightly decreased as a result of disturbances 
during the last stages of BR biosynthesis (mutant 522DK), 
frost tolerance after cold acclimation may not be lower as 
was shown by Sadura et al. (2019). However, deacclimated 
plants can still better tolerate sudden frost episodes.
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Changes in the Profile of Cytokinins
The amount of cytokinins decreased significantly 
after cold acclimation and increased once again after 
deacclimation (Figs. 2a and 3). The greatest increase in 
cytokinins occurred in the BW312 and BW084 mutants 
when deacclimation was preceded by mild frost. The 
study revealed that in those plants, the trans-isomer of the 
zeatin riboside (t-ZR) dominated the cytokinin spectrum 
(Fig. 3). The t-ZR exhibits a higher cell division-promoting 
activity compared to the much less active c-ZR (Schäfer 
et al. 2015). The domination of the t-ZR in the cytokinins 
profile could be considered to be responsible for the higher 
growth potential of the plants that were exposed to a mild 
frost (− 6 °C) before deacclimation. Additionally, kinetin 
was only detected in the frozen and deacclimated plants 
Fig. 3  The cytokinin profile in the crowns of the barley cv. Bow-
man, the BW084 and BW312 mutant, the cv. Delisa, the 522DK 
mutant of non-acclimated (NA), cold-acclimated (CA), deacclimated 
plants (DA) and cold-acclimated plants, which had been additionally 
exposed to frost (− 6 °C) and then deacclimated (FR). Significant dif-
ferences between the cv. Bowman and its mutants according to Dun-
can’s test, (P ≤ 0.05); between the cv. Delisa and 522DK according to 
Student’s t test are indicated by asterisks (n = 3). Kinetin was detected 
only in the frozen and deacclimated plants (FR) of BW084, BW312 
and the Delisa (inserted graph)
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that had mutations in the HvBRI1 and HvCPD genes and 
in the Delisa cultivar (Fig. 3, inserted graph). Pagter and 
Arora (2013) suggested that at higher temperatures during 
deacclimation, the requirements of plants for carbon sources 
increases, and that this is connected with the increased rate 
of respiration and the resumption of growth. An increase 
in the t-ZR in the crowns, which are the main meristematic 
tissues that are responsible for plant regrowth, may be 
related to this significant element, which is crucial for over-
wintering. In the Delisa, the relatively low frost tolerance 
in the plants that had been subjected to mild frost before 
deacclimation could be the result of the particularly high 
c-Z and c-ZR and the potential transition between the 
vegetative and generative developmental phases. Peak c-ZR 
was found at the very beginning of the vegetative phase of 
the reproductive developmental transitions in cold-treated 
Triticum monococcum (Vankova et al. 2014). Interestingly, 
because the 522DK mutant was characterised by a lower 
content of cytokinins than its reference cultivar Delisa after 
deacclimation, the mechanism of its increased tolerance 
to frost after deacclimation requires further investigation. 
Further, it is likely that the opposite directions of change in 
the total cytokinins and individual cytokinins in the Bowman 
NILs (BW312 and BW084) and in the 522DK mutant 
compared to their reference cultivars (particularly in the case 
of the FR treatment) could be attributed to the background 
of the cultivar. Because of such a cultivar-dependency, 
cytokinins should not be considered to be universal players 
that participate in the mechanisms that are responsible for 
the higher tolerance to deacclimation in BR-deficient or 
BR-insensitive barley.
Changes in the Profile of Gibberellins
All of the non-acclimated mutants had a lower level of total 
gibberellins compared to their reference cultivars. At the 
same time, they also had a clear predominance of  GA6 over 
the other gibberellins. Generally, the greatest abundance of 
 GA6 seemed to occur in the deacclimated but not frost pre-
treated plants (Fig. 4). After deacclimation, an increase in 
the level of  GA5 and  GA6 was observed in the BR-deficient 
(BW084) and BR-insensitive mutants. However, a muta-
tion in the HvDWARF gene in 522DK was accompanied 
by a decrease in  GA6 (Fig. 4). The  GA6 content exceeded 
the combined content of  GA1,  GA3 and  GA4, which are 
the active forms of the gibberellins that are responsible 
for promoting growth and stimulate stem elongation much 
more effectively than  GA5 or  GA6. Indeed, the  GA6 con-
tent increases in grasses when the induction of flowering 
begins (Hedden and Thomas 2012). In Lolium temulentum, 
the endogenous  GA5 and  GA6 that are produced in the leaves 
in response to long days, which are then transported to the 
apex, have been suggested to control the early events of flo-
ral initiation (King et al. 2003). In barley, gibberellins are 
required for normal flowering (Boden et al. 2014) and there-
fore an increase in their accumulation would suggest that 
they are activated in the signalling pathways that are associ-
ated with the induction of generative development (and that 
this lowers the frost tolerance). Interestingly, for example, 
after deacclimation (Fig. 4, treatment DA), the most frost-
tolerant plant was the signalling mutant (BW312) despite the 
increase in the content of  GA1,  GA4,  GA5 and  GA6 (Fig. 4). 
Here, we are probably dealing with another mechanism that 
is independent on the mechanism of the suppression of the 
floral induction pathways, connected to an increased frost 
tolerance. Interestingly, such a mechanism would more prob-
ably occur in the mutant 522DK, which had a higher frost 
tolerance after deacclimation (treatment DA and FR) than 
the Delisa, which was accompanied by a lower content of the 
total gibberellins as well as in some of the individual gibber-
ellins such as GA4 or GA6 (Fig. 4). To conclude, similar to 
cytokinins there is no unequivocal picture of the changes in 
gibberellins after the deacclimation of barley in all mutants.
Changes in the Profile of Auxin
A BR deficiency and disturbances in signalling were already 
decisive with regard to the lower content of total auxin in 
all of the mutants prior to cold acclimation (Fig. 2c). The 
effect was similar in the cold-acclimated plants and the deac-
climated plants (treatment FR) but not in the plants that had 
been deacclimated without the frost pre-treatment (DA). As 
for the individual active auxins, after deacclimation (treat-
ment DA and FR), the content of IAA and IBA in mutants 
BW084 and BW312 was usually higher than in the Bow-
man, while in the 522DK, it was lower than in the Delisa. 
We suspect that this may have been an effect of the genetic 
background (Bowman, Delisa), which makes it difficult to 
explain the role of the concentration of active auxins in a 
BR-dependent higher frost tolerance. The changes in the 
concentration of the IAA methyl ester (IAAmet, Fig. 5) 
were quite similar in the deacclimated mutants compared 
to the reference cultivars. Vankova et al. (2014) reported a 
decreased IAA level during the early response to cold treat-
ment in the crowns in the spring line DV92 and winter line 
G3116 with a transient maximum at days 21 and 42, respec-
tively. In our experiment, when all of the treatments were 
compared, the most abundant metabolite was the non-active 
product of the IAA decomposition, oxIAA (Fig. 5). Once 
again, according to Vankova et al. (2014), IAA-aspartate 
(deactivated IAA) was most abundant in the crowns and was 
relatively low in leaves. Its level was higher in the winter line 
than in the spring line. A high accumulation of deactivated 
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auxins would be justified as a mechanism to limit plant 
growth and as a step that is required to acquire a tolerance 
to stress. In our studies, however, after the deacclimation that 
had been preceded by frost (− 6 °C), the oxIAA level was 
relatively low in the frost-tolerant mutants, but was highly 
abundant in the reference cultivars, which were characterised 
by a lower frost tolerance. Moreover, the phenomenon was 
opposite when the plants were deacclimated but not frost 
pre-treated (Fig. 5, treatment DA).
Changes in Specific Stress Hormones
The opposite changes in the ABA, SA and JA content was 
demonstrated before the cold acclimation, in which a low 
level of the ABA concentration coincided with a high level 
Fig. 4  The gibberellin profile in the crowns of the barley cv. Bow-
man, the BW084 and BW312 mutant, the cv. Delisa, the 522DK 
mutant of non-acclimated (NA), cold-acclimated (CA), deacclimated 
plants (DA) and cold-acclimated plants, which had been additionally 
exposed to frost (− 6 °C) and then deacclimated (FR). Significant dif-
ferences between the cv. Bowman and its mutants according to the 
Duncan’s test, (P ≤ 0.05); between the cv. Delisa and 522DK accord-
ing to the Student’s t test are indicated by asterisks (n = 3)
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of the SA and JA content (Fig. 6). A similar response was 
also observed during the acclimation to cold phase by Vank-
ova et al. (2014). Antagonistic interactions between ABA 
and the stress hormones SA and JA were also indicated by 
the coincidence of the high level of ABA along with the 
downregulation of SA and JA, which occurred in both deac-
climation treatments (Fig. 6). Prior to cold acclimation and 
after deacclimation, the crowns of all of the mutants con-
tained less JA than their reference cultivars (Fig. 6). Gener-
ally, after deacclimation, the level of JA fell dramatically in 
mutants and in the reference cultivars.
Prior to the cold acclimation, the BW084 and BW312 
mutants had a decreased level of SA, while the mutation 
at the late stage of BR synthesis (522DK) was connected 
to an increased content of this hormone (Fig. 6). After 
cold acclimation, the level of SA in the crowns decreased 
significantly. It was also lower in all of the mutants than in 
their reference cultivars. After deacclimation, the level of SA 
was extremely low and did not differ amongst the objects.
Mutation at the early stage of synthesis of the 
brassinosteroids (in BW084) did not have an effect on the 
level of ABA (treatments NA, CA and DA, Fig. 6). Mutation 
in BR signalling pathways (in BW312) resulted in increased 
ABA level only after acclimation and after deacclimation 
without freezing (treatments CA and DA, Fig.  6). Not 
acclimated 522DK mutant was characterised by an increased 
in the level of ABA; however, the ABA content decreased 
under the stress conditions during both cold acclimation 
and deacclimation. The connection between ABA level and 
frost tolerance of BR-mutants is not very clear picture. The 
higher frost tolerance of BW084 and BW312 compared to 
the Bowman was accompanied by an increased content of 
ABA after deacclimation (treatment DA, Figs. 1 and 6). 
Simultaneously, the 522DK was characterised by a slightly 
lower content of ABA and a very similar frost tolerance 
compared to the Delisa. The ABA content in the 522DK 
mutant was much lower when deacclimation was preceded 
with frost (− 6 °C) (Figs. 1 and 6, treatment FR), but frost 
tolerance of mutant was higher than in Delisa. The BW084 
and BW312 mutants were still characterised by a higher frost 
tolerance compared to the Bowman, but the ABA content in 
the mutants (especially BW084) was slightly lower than in 
Fig. 5  The auxin profile in the crowns of the barley cv. Bowman, 
the BW084 and BW312 mutant, the cv. Delisa, the 522DK mutant 
of the non-acclimated (NA), cold-acclimated (CA), deacclimated 
plants (DA) and cold-acclimated plants, which had been additionally 
exposed to frost (− 6 °C) and then deacclimated (FR). Significant dif-
ferences between the cv. Bowman and its mutants according to the 
Duncan’s test, (P ≤ 0.05); between the cv. Delisa and 522DK accord-
ing to the Student’s t test are indicated by asterisks (n = 3)
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the Bowman. As for the 522DK and the Delisa, the higher 
frost tolerance of the 522DK compared to the Delisa was 
accompanied by a lower concentration of ABA in the crowns 
of this mutant.
Concluding Remarks
Tolerance to deacclimation is important in the face of global 
warming, which results in temperature instabilities during 
vegetation periods. Our work provides an insight into the 
phytohormonal homeostasis in the reaction of barley to 
changing temperature conditions during the processes of 
cold acclimation and, especially deacclimation. Further, 
the exposure of plants to mild frost prior to deacclimation 
(at a temperature that does not cause visible injuries) had a 
different effect on the dynamics of the hormonal changes. 
The most important finding in our work is the fact that the 
barley mutants that had a lower content of BR or those with 
BR-insensitivity had a higher tolerance to frost after the 
deacclimation process (a higher tolerance to deacclimation). 
Importantly, this fact was independent of the genetic 
background (Bowman, Delisa) from which the mutants had 
been derived. Variations in changes in the concentrations 
of the other phytohormones are often cultivar/genotype-
dependent and may only be a partial explanation for the 
altered tolerance of the BR mutants to deacclimation and 
therefore other mechanisms for this tolerance require further 
studies. This drew us to conclude that brassinosteroids 
seem to be one of the more important factors in both during 
acclimation to cold and, especially during deacclimation. 
Variations in the hormonal level between the cold acclimated 
and deacclimated plants and also the altered frost tolerance 
of the cold acclimated (Sadura et al. 2019) and deacclimated 
BR-mutants from the Bowman NILs confirms that cold 
acclimation and deacclimation take independent metabolic 
pathways.
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Fig. 6  Salicylic acid (SA), jasmonic acid (JA) and abscisic acid 
(ABA) content in the crowns of the barley cv. Bowman, the BW084 
and BW312 mutant, the cv. Delisa, the 522DK mutant of non-accli-
mated (NA), cold-acclimated (CA), deacclimated plants (DA) and 
cold-acclimated plants, which had been additionally exposed to frost 
(− 6 °C) and then deacclimated (FR). Significant differences between 
the cv. Bowman and its mutants according to the Duncan’s test, 
(P ≤ 0.05); between the cv. Delisa and 522DK according to the Stu-
dent’s t test are indicated by asterisks (n = 3)
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